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Fe(I1) and Fe(II1) are relatively small ions with a marked 
propensity to form six-coordinate complexes with ligands 
containing O, N, and S. This property, combined with the 
remarkable range of redox potentials covered by iron- 
containing enzymes, accounts for the role of iron in such 
fundamental reactions as ribonucleotide and dinitrogen re- 
duction as well as in the energy-yielding electron transfer 
reactions of respiration and photosynthesis. At the same time, 
the chemical properties of iron place limitations on the cel- 
lular accumulation of this element. First, Fe(I1) and Fe(II1) can 
act catalytically to generate hydroxyl radicals that are the 
most potent oxidizing agents known (Table I). Because of the 
potential of iron for wreaking cellular havoc, organisms gen- 
erally regulate its uptake; as well, they store iron in the form 
of ferritin, a multimeric protein consisting of a 24-subunit 
shell that can house up to 4500 atoms of iron in its central 
cavity (Theil, 1987). Iron stored in this manner is nontoxic 
and is readily available to the cell. 

The second limit to iron acquisition is the fact that iron is 
found in nature mostly as a constituent of insoluble oxyhy- 
droxide polymers of the general composition FeOOH (Table 
I). These Fe(II1) oxides (e.g. goethite, hematite) are produced 
by the weathering of rock. Because Fe(II1) oxides are quite 
stable and not very soluble at neutra1 pH, free Fe(II1) in an 
aerobic, aqueous environment is limited to an equilibrium 
concentration of approximately 10-17 M, a value far below 
that required for the optimal growth of plants or microbes 
(Table I). Thus, the problem that soil-based organisms have 
with iron is not one of abundance, since iron ranks fourth 
among a11 elements on the surface of the earth, but rather 
one of availability in aerobic environments at biological pH. 
Iron deficiency can be particularly pronounced in plants 
grown on calcareous soils, which cover approximately one- 
third of the earth's surface. Iron deficiency is usually recog- 
nized by chlorotic or yellowed interveinal areas in new leaves 
and, if severe, can lead to reduction in crop yields and even 
complete crop failure. 

Chemically speaking, organisms have three means at their 
disposal to dissolve Fe(II1) oxides: protonation, chelation, and 
reduction. To compete successfully for iron, organisms have 
thus evolved specific mechanisms to acquire iron that are 
based on these chemical processes. In many organisms, in- 
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cluding dicots, nongraminaceous monocots, and yeast, Fe(II1) 
is initially solubilized by reduction and Fe(I1) is then trans- 
ported across the PM. In other organisms, including grami- 
naceous monocots, bacteria, and fungi, Fe(II1) is solubilized 
by being bound to high-affinity chelators called siderophores 
(or, in the case of plants, phytosiderophores). These Fe(II1) 
complexes are then recognized by specific membrane recep- 
tors and iron transport ensues. 

STRATECY I: DICOTS A N D  NONCRAMINACEOUS 
M O N O C O T S  

Strategy I-type plants respond to iron deprivation with 
both morphological and physiological changes (Romheld, 
1987). Morphological modifications include enhanced devel- 
opment of lateral roots and differentiation of specialized 
transfer cells. Both of these changes increase the surface area 
for reduction and transport of iron. Physiological responses 
covering a11 three means of accessing the iron tied up in 
Fe(II1) oxides include increased acidification of the rhizo- 
sphere via enhanced proton extrusion and secretion of phe- 
nolics and organic acids to chelate iron, and reduction of 
Fe(II1) to Fe(I1) via an inducible, PM-bound Fe(II1) reductase 
(Fig. 1). 

Rhizosphere Acidification 

Iron deficiency causes plant roots to extrude protons, which 
lowers the rhizosphere pH and solubilizes iron (Table I). The 
rate of proton excretion can be quite fast; within a few hours 
the roots may lower the pH in the soil solution to values of 
3 or lower (Bienfait, 1985). In fact, the order for agents that 
can cause proton release by cells is iron deficiency > NH4+ > 
K+ > fusicoccin (Bienfait, 1985). Presumably, a proton-pump- 
ing ATPase is activated. The capacity of a plant to acidify the 
rhizosphere in response to iron deficiency, of course, depends 
to some extent on the cationlanion uptake balance and the 
N nutrition of the plant. 

Fe(l1l) Reduction 

Enhanced Fe(II1) reduction under iron deficiency is the 
most typical feature of strategy I and is probably the primary 
factor in making iron available for absorption. In soybean, 
Fe(II1) reduction is an obligatory step in iron uptake; this is 
probably true for a11 strategy I plants (Romheld, 1987). Ferric 
reduction takes place at the PM of root epidermal cells via a 

Abbreviations: NA, nicotianamine; PM, plasma membrane. 
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Table 1. Iron-clad information 

Toxicity of lron: 
The Haber Weiss reaction (Eq. 3 )  is a sum of the reduction of Fe3+ 

by superoxide ion (Eq. 1 )  and the well-known Fenton Reaction 
(Eq. 2): 

.O2- + Fe3+ = O2 + Fe2+ 
H 2 0 2  + Fe2+ = Fe3+ + OH- + HO. 
.O,- + H 2 0 2  = 0 2  + OH- + HO. 

(1 1 
(2) 
( 3 )  

Solubility of Iron: 
Fe3+ + 30H-+Fe(OH), 
K,pFe(OH)3 = [Fe3+][0H-I3 
K~~ = 10-38 M 

[Fe3’l = 10-38/[0H-]3 = 10-38/[10~7]3 = 10-” M (at pH 7.0) 

Stability Constants (at pH 7.0) of Siderophores Commonly Found in 
Soil: 

Ferrichrome, made by numerou5 fungi 
Ferrioxamine, made by actinomycetes 
Pseudobactin (pyoverdin), made by .pseudo- 

Mugineic acid, a phytosiderophore 

i 025 

i 0 2 7  

i 0 2 5  

1 oi7 
monads 

lron Requirements: 
Amount of iron required for optimal growth of plants: 

Amount of iron in typical plant leaf 50 to 100 pg/g dry weight 
Amount of iron required for optimal growth of microbes: lO-’ to 

1 0 - ~  to 1 0 - ~  M 

10-5 M 

transmembrane redox system that can be activated when iron 
is in short supply ( e g  Buckhout et al., 1989). Bienfait (1985) 
proposed that roots contain two Fe(II1) reductase activities: 
one that is capable of reducing Fe(II1) chelates and ferricya- 
nide, and another that can only reduce ferricyanide. The 
inducible Fe(II1) chelate reductase system (termed the turbo 
reductase) was thought to be expressed in the epidermal cells 
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of young, lateral roots grown under iron deficiency, whereas 
the femcyanide reductase (termed the standard reductase) 
was thought to be constitutively expressed in a11 root cells. 

However, more recent studies do not support this view. 
Both ferricyanide and Fe(II1) chelate reductases vIere found 
to increase approximately 2-fold under iron-deficiency con- 
ditions ir1 PM purified from tomato (Buckhout et al., 1989). 
PM from roots of iron-sufficient and iron-defic:cent plants 
contain Fe(II1) chelate reductases with similar characteristics 
(Holden et al., 1991), thus lending no support to the concept 
of the induction of a nove1 reductase in resporse to iron 
deficiency. The amplification of Fe(II1) chelate recluctase ob- 
served in PM isolated from iron-deficient plants, likely in- 
volves increased expression of Fe(1II) chelate reductase iso- 
forms in expanding root epidermal PM. Thus, the Fe(II1) 
chelate reductase either is being activated or is being synthe- 
sized in increased amounts. PM isolated from rocits of iron- 
deficient plants contained 2- to 3-fold higher specific activi- 
ties for Fe(II1) chelate reductase than PM isolated from plants 
grown under iron-sufficient conditions (Buckhout et al., 
1989). Partia1 purification of the Fe(lI1) chelate redcctase from 
tomato h.as implicated a 35-kD polypeptide as a putative 
component of the reductase (Holden et al., 1994). 

What is the substrate for Fe(II1) reductase in situ? It seems 
that the various microbial siderophores can serve as sub- 
strates for Fe(II1) reductase. However, exact estimates of the 
abiindance of siderophores in the rhizosphere are hard to 
come by. Severa1 monoclonal antibodies raised against var- 
ious side:rophores should help in determining siderophore 
levels and the distribution of siderophores in soil i1e.g. Buyer 
et ,al., 1993). Siderophores are produced by a wide range of 
soil microorganisms. In addition to being a facto]. that may 
influence the iron nutrition of plants, microbial siclerophores 
have beein implicated as determinants of biocont1,ol activity 
and as virulence factors in plant disease (Loper 2nd Buyer, 
19!)1). At present, chrysobactin produced by Envinia chrysan- 
themi, a blacterial pathogen causing soft rot on a mide range 
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of plants, is the only siderophore shown to be a virulence 
factor in plant disease. 

In addition to its role in reducing Fe(II1) chelates, Fe(II1) 
reductase may play a more general role in regulating cation 
uptake. Welch et al. (1993) have recently suggested that root 
PM reductases may control the reduction of critica1 sulfhy- 
dryls in transport proteins involved in divalent cation trans- 
port across the root PM. Roots from both iron-deficient and 
copper-deficient plants reduced exogenous Cu(I1) chelate as 
well as Fe(II1) chelate. When reductase activity was stimulated 
by iron deficiency, the absorption of a number of cations 
increased. Evans et al. (1992) have also reported that roots 
grown under low-iron conditions accumulated twice as much 
copper as roots grown under conditions of high available 
iron . 

IS YEAST A COOD MODEL FOR THE STRATECY I 
RESPONSE O F  PLANTS? 

The current model for the mechanism of iron uptake in 
yeast is that a PM Fe(II1) reductase reduces Fe(II1) to Fe(II), 
which then crosses the membrane via an Fe(I1)-specific trans- 
port system. A yeast mutant, frel-1, had the phenotypes 
predicted by the model; frel-1 lacked plasma membrane 
Fe(II1) reductase activity and was also deficient in the uptake 
of Fe(III), but not in the uptake of Fe(I1) (Dancis et al., 1990). 
A mutant such as frel-1, which cannot reduce iron, would 
not produce any ferrous iron for transport. Sequence analysis 
of the yeast FREl gene (which was identified by complemen- 
tation of the jrel-1 mutant) revealed a single long open 
reading frame of 686 amino acids with a predicted molecular 
mass of 78.8 kD (Dancis et al., 1992). The open reading frame 
has limited homology (17.9% identity and 62.2% similarity 
over the carboxy-terminal 402 amino acids of FRE1) to the 
large subunit of human Cyt b5,, (gp91-phox), the protein 
affected in the X-linked form of chronic granulomatous dis- 
ease (Dancis et al., 1992). Cyt b558 is a component of the 
respiratory burst oxidase of neutrophils, a membrane-bound 
enzyme complex that catalyzes the one-electron reduction of 
oxygen to 02-. Because the respiratory burst oxidase is in- 
volved in the movement of a single electron from NADPH 
across the PM to molecular oxygen, the similarity to FREl 
may be significant; the yeast Fe(II1) reductase must move 
single electrons across the PM as well, although in the case 
of Fe(II1) reductase, the terminal electron acceptor is Fe(II1). 
The yeast Fe(II1) reductase and the human granulocyte re- 
ductase are most similar in regions of the protein thought to 
be involved in the binding of flavin adenine dinucleotide and 
NADPH (Roman et al., 1993). These regions are also con- 
served with the Schizosaccharomyces pombe Frpl protein. The 
Frpl gene, like the FREl gene of yeast, was identified by 
complementation of an S. pombe Fe(II1) reductase mutant 
(Roman et al., 1993). It has been suggested that FRE1, Frpl, 
and gp91-phox are members of a nove1 family of PM electron 
transport proteins responsible for mobilizing cytoplasmic re- 
ducing equivalents and donating them to extracellular sub- 
strates (Roman et al., 1993). The degree of amino acid identity 
between the S. pombe Frpl and the Saccharomyces cerevisiae 
FREl is quite limited (27% amino acid identity and 49% 
similarity). Thus, although similar iron uptake mechanisms 

are likely to operate in higher organisms, the responsible 
proteins may have little overall sequence conservation. We 
have identified three different Arabidopsis genomic clones 
that 5hOW homology to the FREl gene of yeast. One of the 
clones has an open reading frame that encodes a protein that 
has 17.5% identity and 48.9% similarity with the deduced 
FREl protein (Yi et al., 1994). Work is undenvay to determine 
whether the Arabidopsis clones encode proteins that have 
Fe(II1) reductase activity. 

Sol is yeast a good model for iron uptake in plants? Yeast, 
like plants, reduces iron before transport via a PM-bound 
Fe(II1) reductase. Yeast, like plants, appears to have an Fe(I1) 
transporter. Eide et al. (1992) have provided convincing 
biochemical evidence that S. cerevisiae has a transporter that 
is specific for Fe(I1) and whose activity can clearly be sepa- 
rated from that of the Fe(II1) reductase. This is in contrast to 
earlier work that suggested, on the basis of inhibitor studies, 
that Fe(I1) might be transported by the common divalent 
cation transporter that transports zinc, cobalt, and nickel. The 
observation that the yeast PM Fe(II1) reductase is not only 
involved in reductive iron uptake but plays a more general 
role in modifying the redox potential of cells may also be 
true for plants (Lesuisse and Labbe, 1992; Welch et al., 1993). 
A comparison of information available on plants and yeast 
also reveals some differences. Unlike plants, there does not 
appear to be any involvement of intracellular citrate or malate 
in the trans-PM redox system of yeast, nor is there any 
substantial difference in the transmembrane electrical poten- 
tia1 of iron-sufficient and iron-deficient cells of yeast (Lesuisse 
and Labbe, 1992). The yeast Fe(II1) reductase utilizes 
NADPH, whereas the plant Fe(II1) reductase preferentially 
utilizes NADH (Holden et al., 1994). Heme-deficient mutants 
of S. cerevisiae have both impaired Fe(II1) reductase activity 
and impaired iron uptake. The role of heme in the Fe(II1) 
reductase system of S. cerevisiae remains unclear, although 
most membrane electron transport systems, including the 
respiratory burst oxidase of human phagocytes, have at least 
one heme-containing subunit. At present there is no evidence 
of a heme-containing component in the iron-chelate reduc- 
tase from tomato (Holden et al., 1994). 

STRATEGY II: GRAMINACEOUS M O N O C O T S  

Strategy I1 plants are characterized by the release of phy- 
tosiderophores (e.g. mugineic acid in barley and avenic acid 
in oat) and by the induction of a high-affinity uptake system 
for Fe(II1) phytosiderophores (Fig. 1) that transports the Fe(II1) 
chelates as intact molecules (Romheld, 1987). This strategy is 
considered to be more efficient than strategy I; for example, 
grasses can grow on calcareous soils that will not support the 
growth of dicots. One reason for this may be that strategy I1 
is less pH dependent than strategy I. The phytosiderophores 
that have been characterized are structurally related to NA, 
a nonprotein amino acid that is thought to be an iron camer 
in plants (Stephan and Scholz, 1993). Indeed, there is evi- 
dente that NA is an intermediate in the formation of the 
mugineic acid family of phytosiderophores. 

There are a number of considerations when trying to 
evaluate the ecological importance of phytosiderophores. 
First, what are concentrations of phytosiderophores in the 
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rhizosphere? Second, do rhizosphere microorganisms affect 
the distribution of phytosiderophores? Third, how success- 
fully do phytosiderophores compete with microbial sidero- 
phores for iron? Fourth, do phytosiderophores mobilize other 
elements besides iron? 

Briefly, plants that have been appropriately examined re- 
lease appreciable amounts of phytosiderophores with a dis- 
tinct diumal rhythm to the release (Romheld, 1991). It has 
been suggested that the release of a single large quantity once 
a day may increase the probability that phytosiderophores 
will mobilize iron before being degraded by rhizosphere 
microoganisms. As might be expected, there are a number of 
bacteria that can utilize phytosiderophores as a sole source 
of carbon as well as a source of iron. In at least one case, 
utilization of phytosiderophores as an iron source appears to 
be indirect, with ligand exchange occurring between the 
microbial siderophore and the phytosiderophores (Jurkevitch 
et al., 1993). It has been suggested that physical separation 
on the root between zones of active release and uptake of 
phytosiderophores and heavy colonization by bacteria protect 
phytosiderophores not only from degradation but also from 
competition for iron with bacterial siderophores (Romheld, 
1991). 

In general, microbial siderophores have a higher affinity 
for iron than phytosiderophores, although the stability con- 
stants that have been calculated for phytosiderophores 
are believed to be far too low (Table I). Attempts to deter- 
mine whether strategy I1 plants can directly utilize micro- 
bial siderophores have yielded conflicting data, in large 
part due to the use of nonaxenic conditions. Experiments 
that take into account the effects of rhizosphere microoga- 
nisms suggest that microbial siderophores do not serve directly 
as sources of iron for strategy I1 plants (Bar-Ness et al., 1992). 
However, they may serve indirectly, after degradation by 
microbes and release of iron, which can then complex with 
phytosiderophores. 

Efforts are underway to isolate and characterize the genes 
involved in the acquisition of iron by Gramineae. In barley, 
a differential hybridization approach has identified cDNAs 
specific to iron deficiency; some of these genes may encode 
products that are involved in the synthesis, secretion, or 
uptake of the barley phytosiderophore mugineic acid (Nak- 
anishi et al., 1993). Although Ids l ,  the first cDNA clone 
characterized, was found to encode a protein that is homol- 
ogous to metallothionein, two of the other clones identified 
(Ids2 and Ids3)  encode proteins that show homology to 2- 
oxoglutarate-dependent dioxygenase, suggesting that they 
may function in the hydroxylation process leading to the 
synthesis of mugineic acid. 

W H A T  HAVE WE LEARNED FROM PLANT MUTANTS 
W l T H  ALTERED I R O N  UPTAKE PHENOTYPES? 

There are a number of plant mutants that have been 
described to date that have increased or decreased rates of 
iron uptake. The chloronerva mutant of tomato accumulates 
iron, as does the brz mutant of pea (Welch and Kochian, 
1992; Stephan and Scholz, 1993). The chloronerva mutant is 
an NA auxotroph; application of NA to the roots or leaves of 
mutant plants leads to recovery (Stephan and Scholz, 1993). 

Th.e link between the lack of NA and increased iron uptake 
is still unknown. Because NA is a chelator for Fe(l1) at 
physiological pH, it has been proposed that iron. bound to 
NA may be the "active" form of iron that binds to an iron 
seiisor or gene regulator. Thus, the mutant that lias no NA 
su ffers from apparent iron deficiency and fails to repress 
intiucible iron-uptake processes. A role for NA as a mediator 
of iron transport in the phloem could also explain i.he various 
phenotypes of the chloronerva mutant (Stephan and Scholz, 
1993). The brz mutant of pea develops bronze necrotic spots 
on its leaves and contains 50-fold more iron in its leaves than 
do leaves from wild-type plants. The basis for the excess iron 
accumulaition appears to be higher rates of Fe(II1) reduction; 
bri: plants had high rates of Fe(II1) reduction regardless of 
plant iron status. There is no increase in the activity of the 
iron transport system in the brz mutant. In fact, iit does not 
ap,pear thiat plants induce the synthesis of a transport protein 
in resporise to iron deficiency, although many :nicroorga- 
nkms are known to do so (Welch and Kochian, 1992). The 
brí. mutant also accumulates high levels of othor divalent 
caiions [h/lg(II), Mn(II), Zn(II)], which is consistent with a role 
for, Fe(II1) reductase in general cation uptake, as. has been 
suggestecl by Welch et al. (1994). Unlike the chloninerva and 
brz' mutants, which take up too much iron regardless of iron 
status, the fer mutant of tomato is unable to respcind to iron 
de:Ficienc;y, suggesting that FER encodes a positive activator 
that regudates proteins such as Fe(II1) reductascs (Bienfait, 
19(38). At least two membrane proteins that are produced- 
under iroln-deficient conditions are not produced in the fer 
mutant. Finally, the yellow stripe mutant of maize, ysl, is 
unable to1 respond to iron deficiency and is currently under 
inxrestigation in severa1 laboratories as a means of under- 
standing strategy I1 responses. 

Given the often-cited advantages of using Arabidopsis as a 
mcidel system (Meyerowitz, 1989), we wanted to use Arabi- 
dopsis to study iron uptake in plants. Arabidopsis exhibits a 
strategy I-type response, showing increased Fe(1II:I reductase 
activity under iron deficiency as well as increasecl acidifica- 
tioin of the rhizosphere (Yi et al., 1994). We liave been 
screening mutagenized populations of Arabidopsi's for mu- 
tants that have either a decreased or an increased capacity to 
accpire iron relative to wild type, looking in paiticular for 
mcitants in Fe(II1) reductase activity. Using an assa:{ based on 
thc, affinity of the dye FerroZine to form a colored complex 
wií,h Fe(Il:), we have identified a number of Arabidopsis mu- 
tants thaí: do not show elevated levels of Fe(II1) reductase 
activity uinder iron-deficient growth conditions (Yi et al., 
19!)4). Th.ese mutants may either: (a) have defectj in Fe(II1) 
red.uctase itself, (b) be defective for a gene that controls Fe(II1) 
red.uctase, or (c) exhibit some type of root defect that prevents 
prciper expression of Fe(II1) reductase. 

FUTURE DlRECTlONS 

Iittle attention has gone into the study of the inovement 
of iron after it crosses the root PM. We need to investigate 
the movement to and loading of the xylem vessel n the root 
stel e. Once it is in the xylem, iron is believed to be t~ ansported 
as i'erric citrate. However, this needs to be examined in more 
spccies. VITe need to understand how iron is unlo,ided from 
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the xylem into the apoplastic spaces of leaf mesophyll cells 
and then how leaf cells absorb iron. Uptake of Fe(II1) by leaf 
mesophyll appears to depend on a reduction step via a PM- 
bound Fe(lI1) chelate reductase, which most likely releases 
Fe(I1) from Fe(II1) citrate (Briiggemann et al., 1993). There is 
also some evidence that Fe(II1) reduction in vivo may be 
aided by intermediate superoxide radical formation or by 
strong blue light (Briiggemann et al., 1993). We know very 
little about the movement of iron in the phloem sap. As 
mentioned previously, NA may act to transport iron in the 
phloem. One of the most important steps to understand is 
the deposition of iron in seed and grain tissues via the 
phloem. We also need to know more about the bioavailability 
of iron, which is deposited in the edible portions of plants 
such as seeds and grains. Finally, we need to know more 
about how plants acquire iron normally, i.e. when they are 
not growing under iron-deficient conditions. Grusak (1993) 
has followed Fe(II1) chelate reductase activity over the time 
course of development in pea and found an increase in Fe(II1) 
chelate reductase activity during pod fill, when there is an 
increased demand for iron. 

To avoid the charge of being terrestriocentric, we must 
include a few words about iron and its availability in aquatic 
environments. Aquatic organisms are faced with the same 
problems as terrestrial organisms regarding the solubility of 
iron. Severa1 years ago it was suggested that a quick fix to 
the greenhouse problem would be to dump iron into the 
Southern Ocean near Antarctica. Termed the “Geritol solu- 
tion,” it was based on the hypothesis that Antarctic phyto- 
plankton suffer from iron deficiency, which prevents them 
from blooming and using up the otherwise abundant supply 
of other nutrients found in the Southem Ocean (Martin et 
al., 1990). Not only is it unclear at present whether addition 
of iron would stimulate phytoplankton productivity, it is even 
less clear how much carbon dioxide would be absorbed 
(Geider and La Roche, 1994). The minimum amount of iron 
required for maximum growth of oceanic phytoplankton 
appears to be much less than one would predict is needed 
for photosynthesis, respiration, and nitrate reduction. One 
explanation for this discrepancy may be the substitution of 
flavodoxins for Fds when iron is limiting; such an adaptation 
has now been documented in both cyanobacteria (Fillat et 
al., 1988) and phytoplankton (La Roche et al., 1993). 

CONCLUDING REMARKS 

Iron deficiency in humans is the most prevalent nutritional 
problem in the world today (Scrimshaw, 1991). Although 
vegetables, particularly spinach, are regarded as impressive 
sources of iron, plant (nonheme) iron is poorly absorbed; 
only 1.4% of the iron from spinach can be taken into the 
body, compared with 20% from red meat (Scrimshaw, 1991). 
To have a significant impact on the iron nutrition of humans, 
plant scientists need to develop and introduce new varieties 
of major seed and grain crops that contain significantly 
increased amounts of bioavailable iron. It will probably not 
be sufficient to merely increase iron uptake by plants, but 
this is certainly a good starting point, especially in areas of 
the world where the availability of soil iron limits crop yields. 
The study of iron uptake in plants should ultimately lead to 

the construction of iron-efficient plant varieties and will have 
application to general transmembrane permeation processes 
and their regulation. 

ACKNOWLEDCMENTS 

We thank Rob McClung for critically reading the manuscript. We 
also thank Jenny Saleeba and various members of the iron nutrition 
community for many insightful discussions. 

Received October 18, 1993; accepted December 7, 1993. 
Copyright Clearance Center: 0032-0889/94/104/08l5/06. 

LITERATURE ClTED 

Bar-Ness E, Hadar Y, Chen Y, Romheld V, Marschner H (1992) 
Short-tem effects of rhizosphere microorganisms on Fe uptake 
from microbial siderophores by maize and oat. Plant Physiol 100 

Bienfait HF (1985) Regulated redox processes at the plasmalemma 
of plant root cells and their function in iron uptake. J Bioenerg 
Biomembr 17: 73-83 

Bienfait HF (1988) Proteins under the control of the gene for Fe 
efficiency in tomato. Plant Physiol88: 785-787 

Briiggemann W, Maas-Kantel K, Moog PR (1993) Iron uptake by 
leaf mesophyll cells: the role of the plasma membrane-bound 
femc-chelate reductase. Planta 190 151-155 

Buckhout TJ, Bell PF, Luster DG, Chaney RL (1989) Iron-stress 
induced redox activity in tomato (Lycopersicon esculentum Mill.) is 
localized on the plasma membrane. Plant Physiol90 151-156 

Buyer JS, Kratzke MG, Sikora LJ (1993) A method for detection of 
pseudobactin, the siderophore produced by a plant-growth-pro- 
moting Pseudomonas strain, in the barley rhizosphere. Appl Envi- 
ron Microbiol 5 9  677-681 

Dancis A, Klausner RD, Hinnebusch AG, Barriocanal JG (1990) 
Genetic evidence that femc reductase is required for iron uptake 
in Saccharomyces cerevisiae. Mo1 Cell Biol 1 0  2294-2301 

Dancis A, Roman DG, Anderson GJ, Hinnebusch AG, Klausner 
RD (1992) Femc reductase of Saccharomyces cerevisiae: molecular 
characterization, role in iron uptake and transcriptional control by 
iron. Proc Natl Acad Sci USA 8 9  3869-3873 

Eide D, Davis-Kaplan S, Jordan I, Sipe D, Kaplan J (1992) Regu- 
lation of iron uptake in Saccharomyces cerevisiae. J Biol Chem 267: 

Evans KM, Gatehouse JA, Linday WP, Shi J, Tommey AM, Robin- 
son NJ (1992) Expression of the pea metallothionein-like gene 
PsMTA in Escherichia coli and Arabidopsis thaliana and analysis of 
trace metal ion accumulation: implications for PsMTA function. 
Plant Mo1 Biol20 1019-1028 

Fillat MF, Sandmann G, Gomez-Moreno C (1988) Flavodoxin from 
the nitrogen-fixing cyanobacterium Anabaena PCC 7119. Arch 
Microbioll50 160-164 

Geider RJ, La Roche J (1994) The role of iron in phytoplankton 
photosynthesis, and the potential for iron limitation of primary 
productivity in the sea. Photosynth Res (in press) 

Grusak MA (1993) Influence of shoot and seed iron demand on 
whole root system iron reductase activity in pea (abstract No. 881). 
Plant Physiol 102: S-154 

Holden MJ, Luster DG, Chaney RL (1994) Enzymatic iron reduction 
at the root plasma membrane: partia1 purification of the NADH- 
Fe chelate reductase. Zn J Manthey, D Luster, DE Crowley, eds, 
Biochemistry of Metal Micronutrients in the Rhizosphere. Lewis 
Publishers, Chelsea, MI, pp 284-294 

Holden MJ, Luster DG, Chaney RL, Buckout TJ, Robinson C (1991) 
Fe3+-chelate reductase activity of plasma membranes isolated from 
tomato (Lycopersicon esculentum Mill.) roots. Plant Physiol 97: 
537-544 

Jurkevitch E, Hadar Y, Chen Y, Chino M, Mori S (1993) Indirect 
utilization of the phytosiderophore mugineic acid as an iron source 
to rhizosphere fluorescent Pseudomonas. BioMetals 6: 119-123 

La Roche J, Geider RJ, Graziano LM, Murray H, Lewis K (1993) 

451-456 

20774-20781 



820 Guerinot and Yi Plant Physiol. Vol. 104, 1994 

Induction of spedfic proteins in eukaryotic algae grown under 
iron, phosphoms or nitrogen defident conditions. J Phycol 2 9  

Lesuisse E, Labbe P (1992) Iron reduction and trans-plasma mem- 
brane electron transfer in the yeast Saccharomyces cerevisiae. Plant 
Physiol 100 769-777 

Loper JE, Buyer JS (1991) Siderophores in microbial interactions on 
plant surfaces. Mo1 Plant Microbe Interact 4 5-13 

Martin JH, Gordon RM, Fitzwater SE (1990) Iron in Antarctic 
waters. Nature 3 4 5  156-158 

Meyerowitz EM (1989) Arabidopsis, a useful weed. Cell56 263-269 
Nakanishi H, Okumura N, Umehara Y, Nishizawa NK, Chino M, 

Mori S (1993) Expression of a gene specific for iron deficiency 
( ld s3 )  in the roots of Hordeum vulgare. Plant Cell Physiol 34 

Roman DG, Dancis A, Anderson GJ, Klausner RD (1993) The 
fission yeast femc reductase gene frpl+ is required for femc iron 
uptake and is homologous to the gp91-phox subunit of the human 
NADPH phagocyte oxidoreductase. Mo1 Cell Bioll3 4342-4350 

Romheld V (1987) Different strategies for iron acquisition in higher 
plants. Physiol Plant 7 0  231-234 

Romheld V (1991) The role of phytosiderophores in acquisition of 
iron and other micronutrients in graminaceous species: an ecolog- 

767-777 

401-410 

ical approach. In Y Chen, Y Hadar, eds, Iron Nuhition and 
lnteractions in Plants. Kluwer Academic Publishers, Iloston, MA, 
IJP 159-166 

Sciimshaw NS (1991) Iron deficiency. Sci Am 265(10): 46-52 
Stephan LJW, Scholz G (1993) Nicotianamine: mediator of transport 

of iron and heavy metals in the phloem? Physiol Plant 88: 

Theil EC (1987) Femtin: structure, gene regulation ilnd cellular 
lunction in animals, plants and microorganisms. Annu Rev 
1Uochem 56: 289-305 

Wdch RM, Kochian LV (1992) Regulation of iron accumulation in 
lood crops: studies using single gene pea mutants. In DD Bills, S- 
1) Kung,, eds, Biotechnology and Nutrition. Butterworth-Heine- 
Inann, Eioston, MA, pp 325-344 

Wdch RW[, Norvell WA, Schaefer SC, Shaff JE, Kochian LV (1993) 
lnductioa of iron(II1) and copper(I1) reduction in pea (Pisum sati- 
irum L.) roots by Fe and Cu status: does the root-cell plasmalemma 
I:e(III)-c:helate reductase perform a general role in regul ating cation 
uptake? Planta 190 555-561 

Yi Y, Saleieba JA, Guerinot ML (1994) Iron uptake in Arabidopsis 
thaliana. In J Manthey, D Luster, DE Crowley, eds, Eiochemistry 
of Metal Micronuhients in the Rhizosphere. Lewis Publishers, 
Chelsea,. MI, pp 295-307 

ti22-529 


